The electronic structure of (110) and (011) martensitic twin boundary in Ni 2 MnGa alloys has been calculated by using ab initio method within the density-functional theory (DFT) and the supercell implementation. The calculated results show that the energy for the (110) twin boundary is larger than that for another twin due to their difference in the chemical decomposition and crystal structure. The atomic relaxation lowers the interface energies for both (110) and (011) twins and this kind of energy is still positive after relaxation. The structural stability and the magnetic properties of the twining interface are investigated and compared with each other from the total and spin density of states under atom-relaxation and -unrelaxation. The atoms such as Ni and Mn have different magnetic moments in the two kinds of twin boundaries. The total charge density on the plane passing through the twin plane gives the direct explanations of the bonding between atoms.
Introduction
The Heusler alloy Ni 2 MnGa has been systematically investigated for both scienti c and technological reasons for years. Some experimental and theoretical results indicated that twin and variant rearrangement play a very important role in the physical properties. Ullakko et al. found that the strains of nearly 0.2% have been induced along [001] in unstressed crystals of Ni 2 MnGa with magnetic elds of 8 kOe applied at 265 K and these stains are associated with the superplastic motion of twin boundaries in the martensitic phase that is stable below about 274 K 1) . Murray et al. obtained the eld-induced strains of 6% in ferromagnetic Ni-Mn-Ga martensites at room temperature and suggested that the strains are the result of twin boundary motion driven largely by the Zeeman energy difference across the twin boundary 2) . Sozinov et al. observed a Giant magnetic-eld-induced strain of about 9.5% at ambient temperature in a magnetic eld of less than 1 T in Ni 2 MnGa orthorhombic seven-layered martensitic phase 3) . O Handley proposed a simple phenomenological model for the magnetization process and eld-induced strain by twin-boundary and phase-boundary motion for both the strong and weak anisotropy cases 4) . Chopra et al. gave the direct evidence of microscopic rearrangement of twin domain by twin wall motion, which leads to the observed macroscopic strain in magnetic shape memory alloys (SMA) in an applied magnetic eld 5) . Pan et al. also investigated the domain and twin structure in the martensitic phase using magnetic force microscopy 6) . Wang et al. calculated the energy consumed for the martensite/parent interfacial motion during the martensitic transformation using a boundary friction phenomenological theory 7) . Likhacheö et al. suggested that the magnetic driving force applied to twin boundaries is equal to a difference in magnetization free energies between the different twin variants of martensite and this kind of force will achieve its maximal value 0.13 MN/m 2 in a magnetic eld based on the experimental results and the theoretical model 8) . The martensitic structure in the Ni-Mn-Ga alloy has been studied intensively and was found to be composition-, stressand temperature-dependence [9] [10] [11] [12] [13] . 3) . So it seems reasonable that other kinds of twin structure can be found in the different Ni-Mn-Ga alloys.
The soft tetragonal distortion, magnetic anisotropy, phonon softening and lattice instabilities in the shape memory system Ni 2 MnGa have been studied in detail by using rst-principle and the density-functional theory (DFT) [16] [17] [18] [19] . The electronic structure of tetragonal variants in Ni 2 MnGa alloy has been calculated by means of DFT using generalized gradient approximation 20) . However, little research has been done on the electronic structure of the twin martensitic boundary in this kind of alloy. The purpose of this paper is to investigate the electronic structure of (110) and (011) twin boundaries in Ni-Mn-Ga alloys, in which twin boundary plays an important role in the magnetic eld induced strain.
Method
The electronic structure of the twin boundary is calculated by means of ab initio total-energy electronic structure calculations within DFT method we have used CASTEP code 21, 22) . Generalized gradient approximations (GGA) were chosen for the theoretical basis of density function and the ultrasoft pseudopotentials were used for all elements involved in this work. Spin polarized calculation was performed for the whole work. Basic parameters were chosen as follows: the cutoff energy of plane waves = 240 eV, k-point spacing = 0.05 Å −1 , fast Fourier transform (FFT) grid dimensions = 30 × 30 × 30, space representation = reciprocal, and SCF tolerance is set at 2 × 10 −6 eV. In the current work, a supercell approach is used to construct the models of the twin martensite as shown in Fig. 1 in which (110) and (011) twins are different. Hartford found the interface properties vary with the thickness of the interface region and the interface energy decreases with increasing the number of the interface layers for both unrelaxed and relaxed supercells 23) . So the maximum supercell should be chosen under the limitation of the computation, so as to simulate the real twin interface. Figure 1 (a) shows the supercell of (011) twin including 9 layers and 63 atoms, and Fig. 1  (b) shows the supercell of (011) twin including 9 layers and 82 atoms. All atomic positions in the supercells have been relaxed according to the total energy and force using the BFGS (Broyden-Fletcher-Goldfarb-Shanno) scheme [24] [25] [26] [27] . As mentioned above, the different structure of martensite in NiMn-Ga alloys leads to different type of twin boundary. In order to consider the basic physical characteristics, the typical martensite phase as a tetragonal structure with the lattice parameter a = b = 5.90 Å and c = 5.54 Å (c/a ≈ 0.94, See Ref. 9)) was chosen to build the twin interface. The total energy and the force tolerances for the geometry optimization are set at 2 × 10 −5 and 0.05 eV/atom, respectively.
Results and Discussions
The twin boundary energy can be evaluated from the difference of the energy of the supercell containing the twin boundary and the energy of a supercell containing an equal number of each type of atoms in the bulk environment, divided by the total twin boundary area. Table 1 gives the calculation results of the interface energies for the atom relaxed and relaxed supercells. It is clear that the relaxation lowers the interface energies by the value of about 30% for both (110) and (011) twins, which means that the atom relaxation makes a contribution to the stabilization of interface defects. We also found that the twin boundary energy after relaxation is still positive in the present work, while the interface energy for Fe/VN relaxed supercells drops to a negative value drastically 23) . Compared with other plane defects, the twin boundary energy in Ni 2 MnGa alloy is of the same order as the energies of tilt grain boundary and surface in Ni 3 Al alloy (Ref. 28)), and is bigger than the interfacial energies of several high-angle singular grain boundaries in some fcc metals calculated by using embedded-atom-method (EAM) potentials (Ref. 29)), and is also a little bigger than the energy of the special boundary between two different phases (Refs. 23,30) ). The electronic structures of twin boundaries, twinning superlattices and the twin stacking fault in various systems have been calculated by some researchers, but they did not give the value of twin boundary energy [31] [32] [33] [34] . Considering the structural symmetry, (110) and (110) twins are equal, and (101), (101), (011) and (011) twins are equal to each other. But the (110) twin is rather different from (011), shown in Fig. 1 . Table 1 also shows that the energy of the (110) twin boundary is bigger than that of (011) twin, which means that it is much easier to excite the (011) or (101) twin boundary motion than (110) twin and it may be useful for the design of functional devices using ferromagnetic memory materials. Pan et al. pointed out that there is no surface relief on (001) plane under magnetic eld for (110) twin due to its roof angle as 180 , while for (101) and (011) twins, there exists a surface relief on (001) plane under the same external eld because of its roof angle as 176.4 6) . Some experimental and theoretical results suggested that the self-accommodation of martensitic variants could lower the total strain of phase transition in other shape memory alloys 35, 36) . The crystal structures of (110) and (011) twins are rather different from each other, shown in Fig. 1(a) and (b) . So it seems reasonable that the difference in the chemical composition and atomic strain for (110) and (011) twins makes a contribution to the interfacial energy difference.
It is seen that, for the total DOS of (110) twin shown in Fig. 2 (a) , a pseudogap occurs just above the Fermi energy level and locates at the same site for both the relaxed and unrelaxed supercells, while no pseudogap appears for (011) twin shown in Fig. 2 (b) . Such kind of pseudogap can also be found in other grain boundary in Ni 3 Al alloy 29, 37) . A different localized state appears at about 0.4 eV for (011) twin and at about 1.1 eV for (110) twin, which arises from the interatomic hybridization suggested by some researchers 20, 28) . Another same character for both twins is that the total DOS at the Fermi energy level decrease after atom relaxation, indicating that the twin boundary becomes more stable due to the atom adjustment at interface. We also found that the total DOS increases in Fe-Mn-Si alloy under external stress and the structural stability decreases 38) . The comparison of the calculated twin boundary energies under relaxation and unrelaxation can also explain the above results. The previous theoretical calculation results show that the Fermi surface and the nested electron on it play an important role in the phase transition for Ni 2 MnGa 39) , Ni x Al 1-x 40) and Ni-Ti alloys 41) . From these researchers viewpoints, it seems clear that the electronic states at the Fermi energy level for the twin interface will be associ- ated with its stability. The magnetic properties of twin interface in Ni-Mn-Ga alloy plays a very important role in the output of large strain under the magnetic eld, due to the twin boundary motion driven by the Zeeman energy difference across the twin interface [1] [2] [3] , and these should be considered. It is known that the magnetism arises from the difference in the spin-up and spindown electrons of the atom. Figure 3(a) and (b) show the spin DOS for both twins under atom-relaxation and -unrelaxation. Here, the spin DOS is de ned as the difference between spinup DOS and spin-down DOS. It is clear to nd that the spin electronic states under the Fermi energy level vary greatly after atom-relaxation. At the Fermi energy level, the positive spin DOS turns to be negative and the total states increase for both (110) and (011) twins due to the atomic adjustment. Comparing Fig. 2 and Fig. 3 , the total DOS is much more than spin DOS, which is in accordance with the relationship between the valence electron concentration and the local magnetic moment per sites in Ni-Mn-Ga 20, 42) . We obtained the magnetic moments for two kinds of twin boundaries, shown in Table 2 . For (110) twin, the calculated magnetic moment varied more greatly after relaxation than that of (011) twin, which can be veri ed from the spin DOS shown in Fig. 3 . Compared with the experimental results 43) , the magnetic moment for martensite twin increased due to this kind of plane defect and is also different from the theoretical calculation results of the bulk martensite 20) . In order illustrate the charge variation in different systems, the calculated total charge density on the X-Y plane in different twin boundaries are shown in Fig. 4 . Because of rather different crystal structure of X-Y plane for (110) and (011) twins, the charge density on each plane exhibits different characteristics. From Fig. 4(a) , the bonding between Ni and Mn is more that than that between Ni and Ga and than that between Mn and Ga. Fig. 4(b) shows a strong interaction between Ni and Mn on both (Y, Z) and (X, Y) planes. It is clear that the atoms on the (Y, Z) planes tend to interact with the atoms on the another two plane for (110) twin rather than for (011) twin, and the interatomic interaction on the twin planes presents stronger than that on the (X,Y) planes.
Conclusions
In conclusion, we calculated the electronic structure of (110) and (011) martensitic twin boundaries in Ni 2 MnGa alloys by using ab initio method within the DFT and the super- cell implementation. The relaxation lowers the interface energies by the value of about 30% for both (110) and (011) twins and this kind of energy after relaxation is still positive in the present work. The calculated results show that the energy for the rst twin is larger than the later due to the difference in the chemical decomposition and strain. The structural stability and the magnetic properties of the twining interface are compared from the density of states under atom-relaxation and -unrelaxation. The magnetic moments of atoms in the two twins are different from each other. The charge density on the plane passing through the twin plane gives the direct explanations of the bonding between atoms.
